The 3 -UTR (untranslated region) of bcl-2 mRNA contains an ARE (AU-rich element) that potentially regulates the stability of bcl-2 mRNA in a cell specific fashion. Previous studies have demonstrated that multiple proteins interact with bcl-2 mRNA in HL-60 (human leukaemia-60) cells, potentially contributing to the overexpression of Bcl-2 protein. Treatment of HL-60 cells with taxol or okadaic acid has been shown to induce destabilization of bcl-2 mRNA, which was associated with decreased binding of trans-acting factors to bcl-2 mRNA. Nucleolin has been identified as one of the bcl-2 mRNA-binding proteins [Sengupta, Bandyopadhyay, Fernandes and Spicer (2004) J. Biol. Chem. 279, [10855][10856][10857][10858][10859][10860][10861][10862][10863]. In an effort to identify additional bcl-2 mRNAbinding proteins, two polypeptides of approx. 45 kDa and 60 kDa were isolated from HL-60 cells by ARE bcl-2 (transcripts that contain bcl-2 AREs) RNA affinity chromatography. These proteins were identified as the human proliferation associated protein, Ebp1, and human DRBP76 (double stranded RNA-binding protein 76) respectively, by MALDI (matrix-assisted laserdesorption ionization)-MS. RNA electrophoretic mobility shift assays indicated that recombinant Ebp1 binds to ARE bcl-2 RNA but not to the group 1 ARE present in GM-CSF (granulocyte macrophage-colony stimulating factor) mRNA in vitro. Antibody supershift assays demonstrated that Ebp1 is present in protein-ARE bcl-2 RNA complexes formed with cytosolic HL-60 extracts. The interaction of Ebp1 with bcl-2 mRNA in HL-60 cells was also demonstrated by RNA co-immunoprecipitation assays. This interaction was not detected in extracts of taxol-treated HL-60 cells. Immunoprecipitation assays further revealed that Ebp1 co-precipitates with nucleolin from HL-60 cytoplasmic extracts. The observation that co-precipitation was decreased when extracts were treated with RNase suggests that Ebp1 and nucleolin are present in the same bcl-2 mRNP (messenger ribonucleoprotein particle) complexes. RNA-decay assays further demonstrated that Ebp1 decreased the rate of decay of β-globin-ARE bcl-2 transcripts in HL-60 cell extracts. Collectively, these results indicate a novel function for Ebp1 in contributing to the regulation of bcl-2 expression in HL-60 cells.
INTRODUCTION
Although the molecular mechanisms that regulate apoptosis are not yet completely understood, multiple lines of evidence point to a role for the Bcl-2 protein in the regulation of cell death [1] . The mammalian bcl-2 gene [2, 3] encodes a 29 kDa protein that resides in mitochondrial membranes and functions as an inhibitor of programmed cell death or apoptosis [1] . bcl-2 was one of the first proto-oncogenes that was found to promote carcinogenesis by prolonging cell survival rather than increasing cell replication [4] . Overall, it is estimated that approx. 50 % of human cancers have increased levels of the Bcl-2 protein [5] . Moreover, increased Bcl-2 expression in some malignant cells is an obstacle to chemotherapeutic treatment [6, 7] . Accordingly, the identification of factors that regulate the expression of the bcl-2 gene has the potential to aid in the development of novel therapeutic approaches for treating cancers in which increased Bcl-2 protein levels contribute to cell survival.
There are a number of reports that describe the effects of apoptotic and chemotherapeutic agents on bcl-2 mRNA and protein levels. For example, Liu and Priest [8] found that treatment of OV2008 ovarian tumour cells with taxol leads to decreased stability of bcl-2 mRNA and decreased Bcl-2 protein levels. Subsequently, Riordan et al. [9] reported that okadaic acid treatment of HL-60 (human leukemia-60) cells, which contain a high level of the Bcl-2 protein, leads to destabilization of bcl-2 mRNA, as well as downregulation of Bcl-2 protein level. Previous studies in our laboratory have demonstrated that treatment of HL-60 cells with taxol, as well as okadaic acid, leads to the downregulation of bcl-2 mRNA followed by the induction of apoptosis [10] . Using both agents, downregulation of bcl-2 expression was associated with decreased bcl-2 mRNA stability. Recently, all-trans retinoic acid was found to induce differentiation, and subsequent apoptosis, of HL-60 cells through a mechanism that involved destabilization of bcl-2 mRNA [11] The biochemical mechanisms underlying the downregulation of bcl-2 mRNA stability in response to chemotherapeutic agents have not been fully elucidated. In general, mRNA stability is governed by sequence and/or structural elements in mRNAs and by trans-acting factors that interact with these elements. Among the prominent mRNA elements that play a role in the modulation of mRNA stability are the AREs (AU-rich elements) found in the 3 -UTRs (untranslated regions) in a number of cytokine and oncogene mRNAs [12, 13] . Schiavone et al. [14] have reported that there is a conserved ARE motif in the 3 -UTR of bcl-2 mRNA. The ARE (nucleotides 921-1057 of bcl-2 cDNA) has been shown to exhibit destabilizing activity when fused with the β-globin gene in transfected NIH3T3 cells [10, 14] . Additionally, Schiavone et al. [14] found that the destabilizing activity of the ARE bcl -2 (transcripts that contain bcl-2 the ARE) was enhanced by the apoptotic agent C 2 -ceramide. This suggested that the ARE motif could be involved in the downregulation of bcl-2 mRNA that is induced by apoptotic agents. Interestingly, Lapucci et al. [15] have found that the mRNA-destabilizing protein AUF1 (AU rich RNA binding factor 1) binds to bcl-2 mRNA in vitro. It was also observed that UVC irradiation-induced apoptosis in Jurkat cells was associated with an increase in the level of cytoplasmic AUF1 [15] , suggesting a role for AUF1 in modulating the level of bcl-2 mRNA in these cells.
Previous studies in our laboratory have demonstrated that taxol and okadaic acid treatment led to decreased binding of HL-60 cytoplasmic proteins to ARE bcl-2 RNA [10] . UV cross-linking assays revealed that approx. 6 proteins in extracts of untreated HL-60 cells bind to ARE bcl-2 RNA. Proteins of approx. 40-60, 70 and 100 kDa were found to cross-link specifically with ARE bcl-2 RNA. Interestingly, RNA cross-linking with these proteins was decreased in extracts of HL-60 cells treated with taxol or okadaic acid. Accordingly, these proteins were proposed to play a role in the modulation of bcl-2 mRNA stability that is observed following treatment with taxol or okadaic acid. Subsequent efforts to characterize the ARE bcl-2 -binding proteins led to the identification of the 100 and 70 kDa proteins as nucleolin and a proteolytic fragment of nucleolin respectively [16] . However, the identity of the 40-60 kDa protein-RNA complexes has so far remained unknown. The focus of the present study was to identify additional bcl-2 mRNA-binding proteins in order to better understand the mechanisms involved in post-transcriptional regulation of bcl-2 expression. As a result, we have identified a novel function for the ErbB3 binding protein, Ebp1, in binding to bcl-2 mRNA and possibly contributing to the regulation of bcl-2 expression in HL-60 cells.
MATERIALS AND METHODS

Cell culture
HL-60 cells (ATCC) were grown in RPMI-1640 medium (GIBCO-BRL) supplemented with 10 % (v/v) heat-inactivated foetal bovine serum, 100 units/ml penicillin and 100 µg/ml streptomycin. Cells were maintained at 37
• C in 95 % air/5 % CO 2 , in a fully humidified incubator. Cells were treated with taxol (200 nM) or okadaic acid (20 nM) as previously described [10] .
Preparation of cell extracts
HL-60 cells were harvested by centrifugation at 100 g for 5 min at 4
• C. For whole-cell extracts, cells were washed twice with PBS and suspended in 50 ml of buffer A [16] . Cells were lysed with three 10 s bursts using a Virsonic sonicator (Virtis). Lysates were subjected to low-speed centrifugation (10 000 g) for 10 min, followed by centrifugation at 100 000 g for 1 h at 4
• C to produce an S100 total cell extract.
For cytoplasmic extracts, cells were washed twice in PBS and then suspended in 200 µl of buffer D [10 mM Hepes (pH 8.0), 3 mM MgCl 2 , 40 mM KCl, 0.1% protease inhibitor cocktail (Sigma), 0.2 % NP-40 (Nonidet P40), 10 % glycerol and 1 mM DTT (dithiothreitol) ] and incubated on ice for 10 min. The lysate was centrifuged at 10 000 g for 2 min in order to pellet nuclei, followed by centrifugation at 100 000 g for 1 h at 4
• C to produce a cytoplasmic S100 extract. Aliquots of the samples were stored at − 80 • C after flash-freezing on solid CO 2 .
Heparin-sepharose column chromatography
A 5 ml Hi-Trap TM heparin-sepharose column (AmershamPharmacia) was equilibrated with 50 ml of start buffer {50 mM Tris/HCl (pH 7.5), 100 mM NaCl, 10 % glycerol, 0.2 mM EDTA, 0.5 mM DTT and 1 mM AEBSF [4-(2-aminoethyl) benzenesulphonyl fluoride hydrochloride]}. An aliquot (30 ml) of the HL-60 S100 total cell extract, dialysed against start buffer, was loaded on to the pre-equilibrated column with a peristaltic pump at a rate of approx. 0.5 ml/min. The column was washed with 15 ml of start buffer and bound proteins were eluted with a 50 ml linear gradient of 0-1.0 M NaCl in start buffer (0.5 ml/min flow rate).
Preparation of RNA transcripts
ARE
bcl-2 and β-globin-ARE bcl-2 transcripts were synthesized using polymerase from plasmids pCR4-ARE and pCR4-β-globin-ARE respectively, as previously described [16] . ARE bcl-2 transcripts contain the 137 nt ARE bcl-2 motif (nt 921-1057 of bcl-2 cDNA) [10] flanked by 60 nt of the vector pCR4 sequence. β-globin-ARE bcl-2 transcripts contain 284 nt of the β-globin coding region followed by the 137 nt ARE bcl-2 sequence [16] . Transcripts containing the group 1 ARE motif, (AUUU) 5 A, [17] were synthesized using SP6 RNA polymerase from plasmid pSP70-(AUUU) 5 A [18] (a gift from Dr B. Tholanikunnel, Department of Nephrology, Medical University of South Carolina). Radiolabelled RNAs were synthesized in transcription reactions containing 40 µCi of 32 P-UTP (Amersham Biosciences). The purity of 32 P-RNA transcripts was monitored by analysis on 6 % polyacrylamide/7 M urea gels, and the amount of full-length products was generally approx. 90 %. The amount of unlabelled RNA was determined by absorbance at 260 nm.
RNA electrophoretic mobility shift assays
RNA mobility shift assays were performed as described previously [10] . Briefly, the column fraction or purified protein (15-30 nM) was mixed with 32 P-ARE bcl-2 RNA transcripts (approx. 20 000 c.p.m.) in 20 µl of RNA binding buffer [10] and incubated on ice for 10 min. Samples were analysed on a 0.8 % agarose/ TAE (Tris/acetate/EDTA) gel, which was dried on nitrocellulose paper, and analysed by phosphorimaging using STORM TM RNA was incubated with recombinant Ebp1 protein or S100 cytoplasmic extracts on ice for 10 min. Rabbit polyclonal anti-(mouse Ebp1) antibody (0.3 µg) (Upstate Biologicals) was added, followed by incubation for 20 min at room temperature and the products were then separated by agarose gel electrophoresis.
UV-induced RNA cross-linking
UV cross-linking assays were performed as described previously [10] . Briefly, 5 µl of 32 P-ARE bcl-2 RNA transcripts (2 × 10 5 c.p.m.) was incubated with 10 µl of the concentrated column fraction in RNA-binding buffer (without BSA) at 4
• C for 10 min followed by UV irradiation (254 nm) for 30 min. After UV cross-linking, reactions were treated with RNase A (Ambion, Inc.) (0.01 units/ µl) and RNase T1 (0.4 units/µl) at 37
• C for 30 min. Samples were separated on a 12% polyacrylamide SDS gel, which was stained with Coomassie Blue. RNA-cross-linked protein bands were visualized by phosphorimaging of dried gels. Stained molecular mass markers were visualized with radioactive ink.
ARE bcl-2 RNA affinity column chromatography
In vitro-transcribed ARE bcl-2 RNA was polyadenylated using a poly(A) kit (Ambion) according to the manufacturer's protocol. Oligo(dT)-sepharose beads (Sigma) were equilibrated with buffer B [10 mM Tris/HCl (pH 8.0), 100 mM NaCl, 1 mM DTT and 0.1 % protease inhibitor cocktail]. Polyadenylated ARE bcl-2 RNA was incubated with the oligo(dT)-sepharose beads (100 µg in 200 µl) for 2 h at 4
• C with gentle shaking to produce an AREpoly(A)-oligo(dT) sepharose matrix. After incubation the sample was centrifuged at 10 000 g for 1 min in a microcentrifuge, and the matrix pellet was washed four times with 2 bed-volumes of buffer B to remove unbound RNA. Pooled heparin-sepharose column fractions were dialysed against buffer B and concentrated approx. 5-fold. The protein sample (300 µl) was then incubated with the ARE-RNA-oligo(dT) matrix for 2 h at 4
• C with gentle shaking followed by centrifugation at 10 000 g for 30 s. The matrix pellet was washed 5 times with 5 bed-volumes of buffer B. Proteins were eluted from the matrix with a 0.2 M step gradient of NaCl (0.2 to 1.0 M) in buffer B.
MS
Samples eluted from the RNA affinity column were separated on a 12% polyacrylamide/0.1 % SDS gel. The gel was stained with Coomassie Blue, and individual bands corresponding to RNAcross-linked proteins were excised from the gel. Gel slices were prepared for MS as described previously [16] . Briefly, gel slices were digested with trypsin and tryptic peptides were extracted with 50 µl of 50 % acetonitrile/5 % formic acid [16] . For MALDI (matrix-assisted laser desorption ionization) analysis, desalted peptides were mixed with an α-cyano-4-hydroxycinnamic acid matrix in acetonitrile and spotted on to a MALDI plate. MALDI mass spectra were acquired with a Voyager-DE instrument (Applied Biosystems). Peptide sequencing was accomplished by tandem MS on an LCQ Classic ion-trap mass spectrometer (Finnigan). Desalted peptides were ionized via a custom nanospray source. Peptides were selected for analysis according to their m/z ratios and then fragmented to produce patterns that were sequence informative. Short sequences deduced from tandem mass spectra were used in a search against the NCBI non-redundant PDB through the internet algorithm PepSea (www.unb.br/ cbsp/paginiciais/pepseaseqtag.htm).
Expression and purification of recombinant Ebp1
A recombinant pGEX-4T plasmid, pGEX-Ebp1 [19] , carrying the full-length Ebp1 gene and a GST (glutathione S-transferase) tag was provided by Dr A. Hamburger (Department of Pathology, University of Maryland, U.S.A.). This vector was transformed into Escherichia coli BL21 and expression of the GST-Ebp1 fusion protein was induced with IPTG (isopropylthio-galactoside). Although a high level of expression was obtained, the majority of GST-Ebp1 protein was present in inclusion bodies. To increase protein solubility, the Ebp1 coding region (cDNA nt 358-1380) was amplified from the pGEX-Ebp1 vector by PCR and cloned into the pBAD/Thio-TOPO ® vector (Invitrogen). The resulting pBAD-Ebp1 was transformed into TOP 10 E. coli cells (Invitrogen). E. coli/pBAD-Ebp1 cells were grown until A 600 reached 0.7 and were then induced overnight with 0.2 % arabinose at 16
• C. Cell pellets were resuspended in buffer C [50 mM potassium phosphate (7.8), 500 mM KCl, 20 mM imidazole and 1 mM phenylmethane sulphonyl fluoride] and lysed by sonication. The lysate was centrifuged at 12 000 g for 30 min. The supernatant was loaded on to a 1.0 ml cobalt Talon TM resin (BD Sciences) equilibrated with buffer C. After washing with buffer C, recombinant Thio-Ebp1-V5-His 6 protein was eluted with a linear gradient of 0-200 mM imidazole in buffer C. Eluted proteins were concentrated and imidazole was removed by washing with buffer C using a Centricon spin column (Millipore). Protein purity was assessed by SDS/PAGE, and protein concentration was determined by Bradford assay (Bio-Rad), using BSA as a standard.
Immunoprecipitation and Western blot analysis
Approx. 400 µg of HL-60 cytosolic cell extract was mixed with 100 µl of Protein A-sepharose beads (pre-equilibrated with buffer A) for 1 h at 4
• C with gentle shaking. The resulting pre-cleared cell lysate was incubated with 2-5 µg of antibody overnight at 4
• C followed by incubation with 50 µl of Protein A sepharose beads for 1 h at 4
• C. Precipitations were performed using a monoclonal anti-(human nucleolin) antibody (C23) (Santa Cruz, Inc.) or normal mouse IgG. To test the dependence of protein coprecipitation on RNA interactions, RNase A (0.03 µg/reaction) was added to the pre-cleared lysate and the sample was incubated for 15 min at room temperature before the addition of the antinucleolin antibody. Following incubation with the antibody, the beads were collected by centrifugation at 6000 g for 1 min and washed 3 times with 1 ml of buffer A containing 0.1 % NP-40, protease inhibitor cocktail and RNasin (Ambion, Inc.). Finally, beads containing immunoprecipitated proteins were resuspended in 50 µl of buffer A.
For Western blot analysis of precipitated protein, denaturation buffer was added to the sepharose beads, which were boiled for 5 min. Proteins were separated on a 12 % polyacrylamide/SDS gel and then transferred to PVDF membrane. The membrane was blocked by incubation overnight in 5 % non-fat dried milk in TBS-T buffer [10 mM Tris/HCl (pH 8.0), 150 mM NaCl and 0.05 % Tween-20] at 4
• C. The membrane was then incubated at room temperature for 1 h with a polyclonal anti-Ebp1 antibody (0.2 µg/ml) (Upstate Biologicals). The unbound antibodies were removed by 4 × 10-min washes in TBS-T buffer. The membrane was then incubated with a peroxidase-conjugated secondary antibody (Santa-Cruz) for 1 h at room temperature followed by 4 × 10-min washes with TBS-T. The blot was developed with luminol reagent (Santa-Cruz) and visualized by autoradiography. Cruz markers (Santa-Cruz) were used as internal molecular mass standards.
For analysis of the effects of taxol on the cellular level of Ebp1, cells were treated for 0-45 h with 200 nM taxol. Equal amounts of total cellular protein (40 µg) were separated on an SDS/12 % polyacrylamide gel. Proteins were transferred to a PVDF membrane, which was treated as described above. Membranes were incubated with a polyclonal anti-Ebp1 antibody, a monoclonal anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody (Chemicon) or a polyclonal anti-β-actin antibody (Santa Cruz).
In vitro mRNA decay assays
An SpeI-linearized pCR4-β-globin-ARE plasmid was used as a template for the synthesis of β-globin-ARE bcl-2 transcripts. 5 -Capped, 32 P-labelled transcripts were prepared with an mMessage mMachine kit (Ambion) using T7 RNA polymerase, as described previously [16] . A poly(A) tail was added to the 3 -end of the transcript using poly(A) polymerase (Ambion). Decay reactions were performed as described by Ford and Wilusz [20] , with modifications as previously described [16] . S100 extracts were prepared from HL-60 cells, and treated with okadaic acid (20 nM) for 24 h. Decay reaction products contained approx. 150 nM 32 P-labelled β-globin-ARE bcl-2 RNA and 8 µg of HL-60 S100 cytosolic protein. To assay for the effects of Ebp1 on decay, the recombinant Thio-Ebp1 protein (approx. 310 nM) was added to the decay reaction before the addition of the cell extract. RNA recovery was assessed by electrophoresis on 7 M urea/6 % polyacrylamide gels, which were analysed by phosphorimaging as described above.
RNA co-immunoprecipitation assay
Immunoprecipitation of protein-RNA complexes was performed as described by Niranjanakumari et al. [21] . Briefly, HL-60 cells (8 × 10 7 ) were harvested by centrifugation at 100 g for 5 min at 4
• C and then suspended in 10 ml of PBS. Formaldehyde (Sigma) was added to the cell suspension to a final concentration of 0.5 % (v/v) and the reaction was incubated at room temperature for 10 min with slow mixing. Cross-linking was quenched by the addition of glycine (pH 7.0, 0.25 M final concentration), followed by incubation at room temperature for 5 min. The cells were harvested by centrifugation, followed by 2 washes with ice-cold PBS. Fixed cells were resuspended in 1 ml of RIPA buffer [50 mM Tris/HCl (pH 7.5), 1 % NP-40, 0.05 % SDS, 1 mM EDTA and 150 mM NaCl] containing protease inhibitors. The cells were lysed by 3 rounds of sonication for 20 s each. An aliquot of cell lysate (250 µl) was mixed with 20 µl of Protein A-sepharose beads for 1 h at 4
• C followed by centrifugation at 400 g for 5 min. The pre-cleared supernatant was diluted with RIPA buffer (250 µl) containing RNasin and protease inhibitors, mixed with polyclonal anti-Ebp1 (0.2 µg/µl), monoclonal anti-nucleolin (0.2 µg/ml) or IgG antibodies (0.2 µg/ml) and incubated overnight with shaking at 4
• C. Protein A-sepharose beads (100 µl) were added and the samples were incubated with shaking for 3 h at 4
• C. The sepharose beads were washed five times with RIPA buffer and then resuspended beads were incubated at 70
• C for 45 min to reverse cross-linking. RNA was extracted from the immunoprecipitates using TRIzol ® (Invitrogen) according to the manufacturer's protocol and then treated with DNase I. Recovered nucleic acids were ethanol precipitated and resuspended in RNase-free water. The RNA was used as a template with which to synthesize cDNA using random hexamer primers and MMLV (Moloney-murine-leukaemia virus) RT (reverse transcriptase) (Invitrogen) according to the manufacturer's protocol. RT reactions were carried out for 1 h at 42
• C. PCR was performed using 20 µl of the cDNA sample for 30 cycles of amplification. An aliquot (20 µl ) of each reaction mixture was analysed on a 2 % agarose gel and visualized by ethidium bromide staining.
RESULTS
Identification of novel bcl-2 mRNA-binding proteins
Previous studies demonstrated that nucleolin binds specifically to bcl-2 mRNA, implicating nucleolin as a bcl-2 mRNA regulatory factor [16] . Additional proteins of approx. 40-60 kDa were found to bind bcl-2 RNA but they were not identified in these previous studies. To identify the 40-60 kDa proteins that interact with ARE bcl-2 RNA, S100 total-cell extracts from HL-60 cells were fractionated by heparin-sepharose column chromatography. Column fractions were assayed for ARE bcl-2 RNA binding by gelshift and UV cross-linking assays, as employed in the previous study [16] . As shown in Figure 1(A) , multiple fractions from the heparin-sepharose column contained proteins that bind a 32 Plabelled 200 nt transcript containing ARE bcl-2 in gel-shift assays. UV cross-linking assays ( Figures 1B and 1C) indicated that fraction 3 contained proteins of approx. 40-75 kDa that cross-linked efficiently with ARE bcl-2 RNA, as well as a strongly cross-linking band at approx. 90 kDa. Accordingly, proteins in fraction 3 were further purified by ARE bcl-2 RNA affinity chromatography. In vitro-transcribed ARE bcl-2 RNA was 3 -polyadenylated and then incubated with oligo(dT)-sepharose beads. The heparincolumn fraction 3 was incubated with the ARE-RNA-poly(A): oligo(dT)-sepharose, and protein-ARE-RNA complexes were recovered by centrifugation. Proteins bound to ARE RNA were eluted with a 0.2 M stepwise gradient of 0.2-1.0 M NaCl. Eluted proteins were assayed for ARE bcl-2 RNA binding by gel-shift assays (Figure 2A ) and by UV cross-linking assays ( Figures 2B  and 2C ). As shown in Figure 2(A) , the 0.4-1.0 M NaCl fractions contained proteins that bound ARE bcl-2 RNA in gel-shift assays. SDS/PAGE revealed that the 0.8 and 1.0 M NaCl fractions contained 2 predominant bands of 70 kDa and 100 kDa, which Western blot analysis revealed to be nucleolin and a nucleolin fragment (results not shown). Accordingly, these fractions were not examined further. As shown in Figure 2 (B), the 0.4 and 0.6 M NaCl fractions contained numerous proteins, ranging in size from 45-110 kDa. However, UV cross-linking assays of these fractions ( Figures 2B and 2C ) revealed that proteins of approx. 45 kDa and 60 kDa were efficiently cross-linked to ARE bcl-2 RNA, whereas other proteins cross-linked inefficiently or did not cross-link at all. Accordingly, the non-radiolabelled 45 kDa and 60 kDa bands ( Figure 2B) were excised from the SDS gel and subjected to further analysis.
To identify the 45 kDa and 60 kDa proteins, gel slices containing the corresponding proteins were digested with trypsin. Tryptic peptides were eluted from the gel slices and then submitted to MALDI-MS and subsequent peptide sequence analysis by capillary liquid chromatography tandem MS. From the 45 kDa band, four peptides were sequenced. A comparison of the sequence of one peptide with a mass of 2265.8 Da with the sequences of peptides in the NCBI PDB, using the program BLAST [22] , indicated that it was identical to the sequence of residues 216-236 of human Ebp1 (44 kDa; accession numbers U59435 [23] and U87954 [24] ). The sequences of three other peptides also matched the sequence of Ebp1 peptides, as shown in Table 1 . Two peptides from the 60 kDa protein, that were 3333.1 Da and 985.4 Da respectively, were also sequenced by nanospray tandem MS. A comparison of sequences in the NCBI PDB indicated that these peptides match two peptides from DRBP76 (double stranded RNA-binding protein 76), (76 kDa; accession number AF147209) [25] (Table 1) . Since the 45 and 60 kDa proteins were purified by ARE-RNA affinity chromatography and were shown to bind to ARE RNA by UV cross-linking assays, both Ebp1 and DRBP76 are potential bcl-2 mRNA binding factors. As a first step to determine whether Ebp1 plays a role in regulating bcl-2 mRNA expression, we have characterized the RNA binding properties of recombinant Ebp1 and probed for Ebp1-bcl-2 mRNA interactions in vivo. Future studies will explore the potential for DRBP76 in regulating bcl-2 expression.
Recombinant Ebp1 binds bcl-2 RNA
UV cross-linking assays (Figure 2 ) suggest that Ebp1 binds directly to bcl-2 RNA rather than binding to the ARE bcl-2 affinity matrix through interactions with another protein. To confirm this conclusion, recombinant Ebp1 was purified and assayed for bcl-2 RNA binding activity. To express soluble Ebp1 in bacteria, cDNA encoding the full-length Ebp1 protein was subcloned from plasmid pGEX-GST-Ebp1 [19] into the pBAD/Thio-V5 vector. A fusion protein containing thioredoxin, the full-length Ebp1 protein, the V5 epitope and a His 6 tag encoded by pBADEbp1 was expressed in E. coli. formation of protein-RNA complexes was examined by RNA gel mobility-shift assays. As shown in Figure 3 RNA and recombinant Ebp1 were incubated in the presence of a polyclonal anti-Ebp1 antibody, all of the complex was retarded on the gel (i.e. was supershifted) ( Figure 3A , lane 6), indicating that the protein-RNA complex was formed with Ebp1 and was not due to binding of a minor contaminant in the Ebp1 sample.
To examine the specificity of Ebp1 binding to ARE bcl-2 RNA, competition RNA gel-shift assays were performed. In the presence of a 10-or 20-fold molar excess of unlabelled ARE bcl-2 RNA, a Ebp1-32 P-ARE bcl-2 RNA complex was not observed ( Figure 3B,  lanes 3 and 4) . By contrast, the addition of the same concentrations of an RNA transcript containing the sequence (AUUU) 5 A, which is the group 1 ARE motif present in GM-CSF mRNA and a number of other mRNAs [17] , did not inhibit the formation of Ebp1-ARE bcl-2 RNA complexes ( Figure 3B, lanes 7 and 8) . Similarly, poly(A) (in addition to tRNA) did not decrease binding to ARE bcl-2 RNA, as indicated by the absence of unbound 32 P-ARE bcl-2 RNA in the gel-shift assay ( Figure 3B, lanes 5 and 6) . Thus recombinant Ebp1 exhibits a 20-fold preference for ARE bcl-2 RNA over a GM-CSF ARE-RNA transcript or poly(A) sequence, as well as a 1000-fold preference over tRNA.
Previous UV cross-linking assays [10] revealed that approx. 6 proteins in HL-60 cell extracts interact specifically with ARE bcl-2 RNA in vitro. To determine if Ebp1 is one of the ARE-binding proteins detected in HL-60 cell extracts, RNA gel mobility supershift assays were performed using an anti-Ebp1 antibody. As shown in Figure 4 , incubation of 32 P-ARE bcl-2 RNA with cytoplasmic S100 extracts from HL-60 cells produced a shift in the mobility of the RNA (lane 2), whereas the incubation of the cell extracts with ARE bcl-2 RNA and a polyclonal anti-Ebp1 antibody produced a supershifted complex (lane 3). Thus Ebp1 is present in the protein-RNA complexes detected in extracts of untreated HL-60 cells. 3) of S100 cytoplasmic extract from HL-60 cells. The presence of Ebp1 in protein-RNA complexes was tested for by the addition of an anti-Ebp1 antibody to the reaction mixture (lane 3). Protein-RNA complexes were separated and analysed as described in Figure 3 . R f , free RNA; S, shifted RNA (protein-RNA complex); S s , antibody supershifted complex.
Ebp1 stabilizes β-globin-ARE
bcl-2 mRNA in vitro
To investigate the potential functions of Ebp1 in regulating the expression of bcl-2, the effect of Ebp1 on bcl-2 RNA decay was examined, using cell-free decay assays [20] . We have previously observed that a transcript synthesized from a fusion gene containing the ARE bcl-2 at the 3 -end of the β-globin gene (β-globin-ARE bcl-2 transcripts) decays rapidly in extracts of taxol-or okadaic acid-treated HL60 cells [16] . The addition of recombinant nucleolin to the assays notably decreased the rate of decay of β-globin-ARE bcl-2 transcripts. To monitor the stabilizing potential of Ebp1, 32 P-labelled, capped and polyadenylated β-globin-ARE bcl-2 transcripts were incubated in S100 extracts of okadaic acid-treated HL60 cells in the presence or absence of recombinant Ebp1. RNA was isolated after various times of incubation and the recovery of RNA was monitored by gel electrophoresis. As illustrated in Figure 5 , when Ebp1 was added to the reactions β-globin-ARE
bcl-2
RNA decayed considerably more slowly than in the absence of exogenous Ebp1. Thus Ebp1 exhibits a stabilizing activity in cellfree decay assays of β-globin-ARE bcl-2 transcripts.
Ebp1 binds bcl-2 mRNA in vivo
The fact that Ebp1 was purified from an ARE bcl-2 RNA affinity column, and the observation that purified recombinant Ebp1 binds specifically to ARE bcl-2 RNA, suggests that Ebp1 plays a role in regulating bcl-2 mRNA expression in vivo. To confirm that Ebp1 binds bcl-2 mRNA in vivo, RNA co-immunoprecipitation assays were performed. Freshly harvested HL-60 cells were treated with formaldehyde to induce covalent cross-linking of protein-nucleic acid complexes [21] . Total cell extracts prepared from cross-linked cells were incubated with polyclonal antiEbp1, monoclonal anti-nucleolin or polyclonal anti-(rabbit IgG) antibodies. Protein-antibody complexes were incubated with Protein A-sepharose beads and recovered by centrifugation. Immunoprecipitated complexes were then heat-treated to reverse the protein-nucleic acid cross-links. The precipitated nucleic acid was extracted and examined for the presence of bcl-2 mRNA by RT-PCR, using primers specific for the 3 -UTR of bcl-2 mRNA. As shown in Figure 6 (A), a bcl-2 PCR product was observed in the sample precipitated with the anti-Ebp1 antibody (lane 1). As expected, bcl-2 mRNA was also recovered in reactions containing an anti-nucleolin antibody ( Figure 6A, lane 3) . However, bcl-2 RNA was not recovered when an anti-rabbit IgG antibody was used in the pulldown assay ( Figure 6A , lane 5). Reactions were also performed, in which exogenous ARE-RNA was added to supplement endogenous bcl-2 RNA in cell extracts, as positive controls (lanes 2 and 4). PCR products were not observed in reactions performed with GAPDH cDNA-specific primers (results not shown), indicating that Ebp1 specifically associates with bcl-2 mRNA. Interestingly, bcl-2 RNA was not detected in immunoprecipitation reactions performed using extracts of HL-60 cells treated for 20 h with taxol, when either anti-Ebp1 or anti-nucleolin antibodies were used ( Figure 6B, lanes 3 and 4) . This is consistent with previous observations regarding the downregulation of HL-60 protein-bcl-2 mRNA interactions after 20 to 32 h of taxol treatment [10] .
We have previously observed that taxol or okadaic acid treatment of HL-60 cells leads to the proteolysis of nucleolin, after 20 to 34 h of treatment [16] . To determine if taxol also downregulates the level of Ebp1, Western blot analysis was performed. Cells were treated with taxol for 0 to 45 h and cytosolic extracts were analysed for the levels of Ebp1, and GAPDH (as a loading control) proteins. As shown in Figure 7 , taxol treatment leads to a modest (approx. 20-25 %) decrease in the cytoplasmic levels of Ebp1 compared with GAPDH after 20 to 32 h of treatment. A more pronounced decrease in the level of Ebp1 occurred after 32 to 45 h of treatment. Similar results were observed when the level of Ebp1 was compared with that of β-actin (which, like GAPDH, was unchanged during taxol treatment) (results not shown). Since Ebp1-bcl-2 mRNA interactions appear to be disrupted or decreased after 20 h of taxol treatment (Figure 6 ), this suggests that taxol treatment leads to the inactivation of Ebp1, possibly through phosphorylation, prior to downregulation. Alternatively, the previously observed downregulation of nucleolin after 20 h of taxol treatment [16] may be sufficient to allow for nuclease cleavage of bcl-2 mRNA, which ultimately leads to the disruption of Ebp1-bcl-2 mRNA complexes.
Concurrent binding of Ebp1 and nucleolin to bcl-2 mRNA
The observation that both Ebp1 and nucleolin form complexes with bcl-2 mRNA in vivo suggests that the two proteins may be present in the same bcl-2 mRNP (messenger ribonucleoprotein particle) complexes. Alternatively, these two proteins may bind to overlapping sites on bcl-2 mRNA, in which case the individual proteins may be bound with separate bcl-2 mRNA transcripts Proteins were separated on a 12 % polyacrylamide/SDS gel and then transferred to Immobilon P paper. Blots were probed with a polyclonal anti-Ebp1 antibody or a monoclonal anti-GAPDH antibody, as indicated. The normalized ratio of Ebp1 to GAPDH was determined by densitometry and is plotted versus incubation time in taxol.
Figure 8 Co-immunoprecipitation of Ebp1 and nucleolin from HL-60 cell extracts
Cytosolic extracts were incubated with monoclonal anti-nucleolin or control anti-(mouse IgG) antibodies and protein complexes were recovered as described in Figure 6 . The presence of Ebp1 in immunoprecipitates (IP) was determined by Western blotting using a polyclonal anti-Ebp1 antibody. Pulldown reactions were carried out using an anti-nucleolin antibody (lane 2), an anti-nucleolin antibody after pre-treatment with RNase A for 15 min (lane 3), or an anti-(mouse IgG) antibody (negative control) (lane 4). Total extracts (input control) were analysed in lanes 1 and 6. Supernatants (Sup) from the precipitation reactions were analysed in lanes 7-9 as indicated.
in vivo. To distinguish between these possibilities, protein coimmunoprecipitation assays were performed using an antinucleolin antibody. S100 cytoplasmic extracts of HL-60 cells were incubated with a monoclonal anti-nucleolin antibody and proteinantibody complexes were recovered by incubation with Protein A-sepharose beads. The precipitated proteins were solubilized and examined for the presence of Ebp1 by Western blot analysis. As shown in Figure 8 (lane 2), Ebp1 was recovered from precipitates produced using the anti-nucleolin antibody. However, only trace amounts of Ebp1 were detected in control reactions precipitated with an anti-IgG antibody (lane 4). To determine whether the interaction between Ebp1 and nucleolin is mediated by binding to RNA, cell extracts were briefly treated with RNase before immunoprecipitation. Interestingly, the precipitation of Ebp1 was considerably decreased after RNase treatment (Figure 8 , lane 3), suggesting that Ebp1-nucleolin interactions may be mediated through RNA binding, rather than occurring through direct protein-protein interactions.
DISCUSSION
Previous studies revealed that nucleolin is one of a number of proteins present in HL-60 cell extracts that interact with the ARE motif of bcl-2 mRNA [16] . These proteins are thought to be components of a multi-protein complex that regulates the stability of bcl-2 mRNA in a cell-specific fashion. In this study, two polypeptides of 45 and 60 kDa were purified by ARE bcl-2 RNA affinity chromatography. MALDI-MS indicated that the polypeptide with an apparent molecular mass of 60 kDa is the human double stranded RNA binding protein, DRBP76 [25] . The 45 kDa protein was identified as the proliferation associated protein Ebp1 [23, 24] . RNA gel mobility-shift assays revealed that recombinant Ebp1 binds specifically to ARE bcl-2 RNA, in the absence of other proteins. In addition, the presence of Ebp1 in protein-bcl-2 mRNA complexes, formed with cytoplasmic extracts of HL-60 cells, was demonstrated by RNA gel mobility supershift assays. The in vivo interaction of Ebp1 and nucleolin with bcl-2 mRNA in HL-60 cells was demonstrated by RNA co-immunoprecipitation assays. Interestingly, Ebp1 was found to co-precipitate with nucleolin in antibody pulldown assays, suggesting that they are both present in bcl-2 mRNP complexes. In addition, recombinant Ebp1 decreased the rate of decay of ARE bcl-2 transcripts in cell-free decay assays. Ebp1 is a member of the PA2G4 (proliferation-associated 2G4) family [23] and is the human homologue of the mouse cell cycle regulated protein p38-2G4 [26] . Ebp1 is conserved in yeast [27] , as well as in mouse, and is expressed in a wide variety of cell types including both malignant and non-malignant cells [28] . Ectopic expression of Ebp1 inhibits the growth of breast and prostate cancer cell lines and induces the differentiation of breast carcinoma cell lines [29] . Ebp1 overexpression inhibits the growth of human fibroblasts, as well as the proliferation of tumour cells [30] , demonstrating that both normal and transformed cells are sensitive to Ebp1 overexpression. Ebp1 was initially identified as an ErbB3 binding protein in a yeast two-hybrid screen [24] . It was subsequently observed that Ebp1 interacts with the tumour suppressor Rb (retino-blastoma) protein in cultured AU565 breast carcinoma cells and represses the activity of the E2F1-regulated cyclin E promoter in transiently transfected cells [19] . It has also been reported that Ebp1 repression of specific E2F-regulated promoters involves interactions with histone deacetylases [31] .
Recently, Ebp1 was shown to be a growth-regulating protein involved in ribosome biogenesis [30] . In that study, Ebp1 was found to be located in both the cytoplasm and the nucleus of HeLa, NIH3T3 and EpH4 cells. Within the nucleus, Ebp1 was found to be localized to the nucleolus in association with rRNA (ribosomal RNA) [30] . Using recombinant GST-Ebp1, a direct interaction was demonstrated between Ebp1 and 5S rRNA. A study of proteins that interact with Ebp1, as examined by immunoprecipitation and MS, revealed that nucleolin is one of approx. 16 proteins that interact with Ebp1 in HeLa cells transfected with a FLAG-Ebp1-expressing construct. Interestingly, the treatment of extracts of transfected HeLa cells with RNase before immunoprecipitation eliminated the co-precipitation of Ebp1 with most of the proteins, including nucleolin. The requirement of RNA for protein association suggested that Ebp1 and nucleolin are present in RNP complexes.
Our own observations from antibody pulldown assays indicate that Ebp1-nucleolin associations are decreased when cytosolic extracts are treated with RNase. This suggests that Ebp1 and nucleolin bind to bcl-2 mRNA concurrently; thus, Ebp1 and nucleolin are present in the same bcl-2 mRNP complexes in the cytoplasm of HL-60 cells. Collectively, these studies reveal a novel role for Ebp1 in binding mRNA and potentially regulating the expression of bcl-2 in HL-60 cells. A possible role for Ebp1 in the post-transcriptional regulation of bcl-2 expression includes the modulation of mRNA stability; however, Ebp1 may also influence protein translation efficiency or the transport of bcl-2 mRNA from the nucleus to the cytoplasm. Future studies that address the functions of Ebp1 are expected to yield insights into the mechanisms by which bcl-2 expression is differentially regulated in normal and cancer cells.
